The scanning electrochemical microscope (SECM) is used to image the activity of enzymes immobilized on the surfaces of disk-shaped carbon-fiber electrodes. SECM was used to map the concentration of enzymatically produced hydroquinone or hydrogen peroxide at the surface of a 33-µm diameter disk-shaped carbon-fiber electrode modified by an immobilized glucose-oxidase layer. Sub-monolayer coverage of the enzyme at the electrode surface could be detected with micrometer resolution. The SECM was also employed as a surface modification tool to produce microscopic regions of enzyme activity by using a variety of methods. One method is a gold-masking process in which microscopic gold patterns act as mask for producing patterns of chemical modification. The gold masks allow operation in both a positive or negative process for patterning enzyme activity. A second method uses the direct mode of the SECM to produce covalently attached amine groups on the carbon surface. The amine groups are anchors for attachment of glucose oxidase by use of a biotin/avidin process. The effect of non-uniform enzyme activity was investigated by using the SECM tip to temporarily damage an immobilized enzyme surface. SECM imaging can observe the spatial extent and time-course of the enzyme recovery process.
Introduction
An important advantage of immobilizing enzymes on electrode surfaces is that it separates the enzyme from the reactant in the analyte solution. This advantage, combined with the specificity of enzyme catalysis and the sensitivity of electrochemical techniques, has lead to the wide use of immobilized enzyme electrodes in biosensing and catalytic electrochemical techniques. [1] [2] [3] [4] [5] [6] [7] [8] Covalent attachment of enzymes has been considered as one of the most important immobilization methods because it leads to a stable active surface and a thin immobilized enzyme layer. [9] [10] [11] [12] [13] Using an ultramicroelectrode as a support for immobilized enzymes is increasingly popular due to an interest in biosensor miniaturization. [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] Immobilization on carbon-fiber electrodes is often preferred because of their low cost and the relative ease in producing covalently bonded functional groups for the enzyme attachment. 11, [13] [14] [15] [22] [23] [24] [25] Carboxylic, quinonic, phenolic, and ketonic functional groups can be readily formed by electrochemical or chemical oxidation 26, 27 and further coupling with linking agents is straightforward. However, controlling the extent and type of oxidation is difficult. Another option, direct reaction of functionalized molecules with the carbon surface, allows a qualitative and quantitative control over the modification process. 24, 28 A recent innovation is a method to covalently modify carbon surface via reduction of diazonium salts. For example, this method has been used for covalent binding of enzymes 29 and proteins 30 and study of the voltammetric differentiation of dopamine and ascorbic acid. 31 Production of immobilized enzyme-based sensors requires determination of enzyme activity to allow optimization of the sensor response. A poor sensor response can arise from incomplete enzyme immobilization, non-uniform immobilization, deactivation of the enzyme activity due to the immobilization process, or passivation of the electrode due to the presence of the enzyme layer. Determining the cause of a poor response at microscopic sensors requires an independent method of assaying the enzyme activity. Optical methods involving luminescence or fluorescence techniques have been successful at identifying poor sensor response due to heterogeneous enzyme distribution or activity. 32, 33 The scanning electrochemical microscope (SECM) can identify enzymatic activity directly (by electrolysis of the enzyme reactions) without addition of fluorescent dyes or other foreign material. Several experiments have now been reported in which the SECM has been used to examine enzyme activity. 17, [34] [35] [36] [37] [38] [39] [40] [41] [42] [43] [44] In addition to its imaging usage, SECM is useful in preparing surfaces with patterned enzymatic activity. 16, 40 Such patterned electrodes are useful in simulating the behavior of non-uniform immobilization and can be useful in preparing multifunctional micro-sensors.
In this paper, we will report several methods to modify the surface of a 33-µm diameter carbon-fiber electrode at microscopic scales by using the SECM. All rely on production of an aminated surface that, with the use of biotin-avidin chemistry, allows localized enzyme immobilization. One method is direct covalent attachment of nitrophenyl to the carbon surface via the diazonium salt reduction. Reduction of the nitrophenyl produces an aminophenyl functional group. A second method relies on the oxidation of a long-chain diamine. A separate technique is the deposition of gold on the carbon surface, producing a mask. Enzymes can be attached directly to the uncovered carbon or to self-assembled films at the gold surface. Once immobilized, the enzyme surface can be further studied by localized methods. By changing the local pH at the modified surface with the SECM, the immobilized enzyme is observed to deactivate and reactivate on the carbon surface.
The enzyme-modified surface is examined by generation/collection (GC) SECM. Production of H2O2 or hydroquinone at glucose oxidase surfaces is readily detected. Images of the modified surfaces are used to verify the modifications performed previously with the SECM and are able to quantitatively and qualitatively identify regions of high or low enzyme activity. Thus, the effectiveness of various modification and construction procedures of microscopic sensors can be quickly determined.
Experimental

Reagents
Glucose oxidase (GOD) biotinamidocaproyl labeled 150 units/mg protein with biotin content 5.0 mol/mol protein (Sigma Chemical Co.), ExtrAvidin (Sigma), sulfosuccinimidyl-6-(biotinamido)hexanoate (NHS-LC-Biotin, immuno pure, Pierce Chemical Co., Rockford, IL), β-D-glucose (ICN, Costa Mesa, CA), poly(oxyalkylene)diamine (Jeffamine ED 2001, gift from Huntsman Chemical Co., Houston TX), 4-nitrobenzenediazonium tetrafluoroborate (97%, Aldrich Chemical Co.), tetrabutylammonium hexafluorophosphate (Bu4NPF6, SAChem Inc., Austin TX) were used as received. pBenzoquinone (BQ) was purified by sublimation before use. All other chemicals used were of reagent grade. Phosphatecitrate buffer solutions of 0.5 M ionic strength were prepared from Na2HPO4, citric acid, and KCl as described previously. 45 Acetate buffer solutions were prepared from sodium acetate and acetic acid. All the solutions were prepared with Milli-Q ultrapure water (>18 MΩ-cm). All glucose solutions were allowed to mutarotate at room temperature for at least 24 h before use.
Electrodes
Carbon-fiber electrodes were prepared by heat-sealing 33-µm fibers (Textron Specialty Materials) into low-melting 2-mm i.d. "flint" glass capillaries (FHC Corp., Brunswick, ME) according to published methods. 46, 47 The microelectrode was polished with the aid of a micromanipulator-based microelectrode polisher (World Precision Instrument) and the use of a diamond abrasive plate ("fine", Sutter Instrument Co., Novato CA). 2-µm diameter platinum ultramicroelectrodes were prepared by sealing 2-µm diameter Pt wires (Goodfellow Metals, Cambridge Science Park, England) into soft glass capillaries according to published methods. 47 These electrodes were polished with successively finer grades of alumina polish, culminating in 0.05 µm alumina on cloth. In some cases, the glass-encased carbon fiber or Pt electrode was molded into an epoxy-shell (Epon 828 Resin, Shell Chemicals and 13% TETA hardener, MillerStephenson, Danbury, CT) to produce an electrode with a 1 -5 cm overall dimension. When used as tips for the SECM experiment, the 33 µm diameter carbon-fiber electrode was prepared so that the overall dimension of the surrounding glass insulator was 200 -500 µm (i.e. an electrode-to-insulator ratio between 6 and 15). A platinum wire was used as an auxiliary electrode. A Ag/AgCl reference electrode was used in all experiments and all potentials in this paper are referred to the Ag/AgCl electrode The tip was positioned near the substrate by employing a combination of generation/collection and feedback positioning. 48 Depending on the experiment, either hydrogen peroxide or hydroquinone was electrochemically generated at the carbon-fiber electrode. With the Pt substrate biased to oxidize the tip-generated species, the current increases as the tip approaches the surface. The tip will be located over the substrate when the substrate current is at a maximum in the lateral directions (x or y). At this point, the tip-substrate distance is adjusted by collecting a current-distance curve during a vertical movement. For most experiments, the tipsubstrate separation was less than 5 µm.
Equipment
Voltammetry and potential step experiments were carried out on the BAS 100B/W electrochemical workstation (BAS, West Lafayette, IN). The SECM equipment has been described previously. 49 A special order low-current preamplifier module with 10 pA/V sensitivity was used with the EI-400 potentiostat, (Ensman Instrumentation, Bloomington, IN) to facilitate lowcurrent SECM measurements.
Enzyme immobilization
Details of the covalent attachment of the amine linker on 33-µm diameter carbon microelectrodes and microscopic modifications with SECM are described in the Results and Discussion section. In general, after attaching the amine linker to the carbon electrode surface, the enzyme was immobilized on the surface by employing biotin-avidin chemistry. The carbon surface was biotinylated by first rinsing the 4-aminophenyl modified electrode with phosphate buffer and then soaking the electrode for 2 h in room-temperature pH 7.4 phosphate buffer containing 5 mg/ml sulfo-NHS-LC-biotin. After rinsing with pure buffer, the electrode was soaked for 12 h in a phosphate buffer (4˚C, pH 7.4) containing 2 mg/ml ExtrAvidin buffer. After formation of the biotin/avidin surface layer, the electrode was rinsed with phosphate buffer, then soaked for 24 h in a phosphate buffer (4˚C pH 6.1) containing 1 mg/ml biotinylated glucose oxidase. Assaying the activity of the immobilized enzyme will be discussed in the following section. Unless otherwise noted, SECM data were collected in a pH 6.1 phosphate buffer at room temperature.
Results and Discussion
Covalent modification of carbon microelectrodes
Covalent attachment of an amine linker is a critical step for production of a surface-immobilized enzyme layer. Two modification methods were investigated in combination with the use of biotin-avidin technology to produce enzyme-modified surfaces. 13, 15, 50 The first method attaches aminophenyl to the carbon surface by reduction of a diazonium salt and the second attaches a long-chain diamine by an oxidative process.
Aminophenyl modification.
As reported by Savéant and coworkers, 28, 51 aryl radicals can be covalently attached on the carbon electrode by the electrochemical reduction of corresponding diazonium salts. A covalent monolayer of 4-nitrophenyl is formed in an overall 2e reduction in acetonitrile.
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A subsequent 6e, 6H + reduction of the nitrophenyl in protic solvent completes the production of the aminophenyl layer.
Production of the aminophenyl layer at a 33-µm diameter carbon fiber microelectrode (CFE) begins with ten cyclic voltammetric (CV) scans between 0.4 to 0 V at scan rate of 200 mV/s in a solution of 2 mM 4-nitrobenzendiazonium tetrafluoroborate, 0.1 M Bu4NPF6, and CH3CN. A distinct irreversible reduction wave at 0.1 V on the first cycle is followed by a nearly complete loss of a wave on subsequent cycles. After 5 cycles, the CV in the diazonium salt solution is indistinguishable from the background.
Initial reports suggested that production of an aminophenyl layer was possible by electrochemical reduction in an ethanol/water solution. However, XPS experiments 51 show that only a partial 4-nitrophenyl reduction is accomplished after ca. 2 h of electrolysis at −1.4 V vs. SCE in ethanol/water solution. Raman spectroscopy 52 did not identify aminophenyl on the surface after the reduction of 4-nitrophenyl attached on carbon in ethanol/water solution. Rather, the reduction produced Ar-NO and Ar-NHOH. 53 Since these by-products are reducible in acidic buffer solution, we carried out the reduction of 4-nitrophenyl to 4-aminophenyl in a pH 4.3 acetate buffer solution. Cyclic voltammetry from 0 to −1.2 V for the carbon electrode modified with 4-nitrophenyl shows a broad irreversible reduction wave at about −0.9 V. A nearly complete loss of the wave occurs on subsequent cycles and after 5 cycles, the response is indistinguishable from the background.
Based on the assumption of a closest packing of 4-nitrophenyl on the carbon surface, the surface excess of 4-nitrophenyl on the carbon surface is 12.5×10 −10 mol/cm 2 . 51 Thus, the charge passed in the complete reduction of a 4-nitrophenyl to 4-aminophenyl monolayer on the 33-µm diameter CFE should be 6.2 nC. CV data indicate that the charge for the reduction of 4-nitrophenyl over the first four scans is 8.7 nC. The larger experimental charge may be partially accounted for by a larger real electrode area as compared to the geometric area, i.e. the roughness factor (We have observed that the CFE electrode is not completely flat but assumes a spherical-segment geometry after polishing. This slight convexity is, however, insufficient to completely account for the extra charge). These results indicate that the 4-nitrophenyl monolayer is completely reduced to a 4-aminophenyl monolayer in acetate buffer solution.
For comparison, electrodes modified with a nitrophenyl layer, as described above, were reduced in a 0.1 M solution of a 10% (v/v) aqueous ethanol solution by applying −1.5 V for 1 h. As expected, these electrodes showed poor enzyme activity after immobilization (vide infra). Jeffamine modification.
A second procedure for generating covalently attached amine groups was investigated. Based on an observation by Porter and co-workers that electrochemical oxidation of amine-containing molecules at a carbon electrode lead to covalent bond formation at the N to the carbon surface, 54 we followed a procedure outlined by Pantano and Kuhr for attaching the diamine Jeffamine 2001 to a carbonmicroelectrode. 
SECM assay of immobilized enzyme activity
The SECM can be used to assay the activity of the immobilized enzyme activity. In doing so, the questions that arise are: can activity be observed, is the activity truly due to enzymatic process, can we judge the effectiveness of different immobilization methods, and can we examine the overall kinetics of the immobilized enzyme? The key to examining activity with SECM is recognizing that the catalytic oxidation of glucose to gluconic acid by GOD requires the presence of an oxidized co-substrate (Ox) (Eq. (1)).
Near the enzyme-modified CFE, the relative concentration of the reduced co-substrate (Red) is an indication of the activity. A qualitative examination of the activity is available by using SECM generation/collection imaging to make a map of Red's concentration. SECM generation/collection (GC) imaging uses a microscopic electrode probe that is scanned near the surface of interest. 48 Images are formed by plotting the amperometric tip current for the electrolysis of the sample species as a function of the tip's lateral position. All else being equal, larger tip currents indicate larger local concentration of the species of interest. Normally, GC images use a tip much smaller than the sample to be examined.
In this case, however, the sample itself is microscopic, which leads to a practical problem of positioning two microscopic electrodes near each other in 3-dimensional space. To reduce the position problem to two dimensions, we employ an inverted GC imaging mode (Fig. 1) , in which the sample is the tip and the substrate is a very small electrode (e.g. GC images of the GOD immobilized 33-µm diameter CFE clearly show the results of enzymatic activity.
Electrodes produced with different immobilization conditions or the use of different enzyme cosubstrate (Ox) have GC images that are similar in appearance; an increase in anodic substrate current located directly over the carbon-fiber. Images differ predominately in the magnitude of the signal and the background current level. A background current is observed in all experiments because the enzyme activity produces significant amounts of species Red near the carbon electrode. Thus, an increase in enzyme activity produces an increased background. In addition, background current varies due to very low signal levels and the presence of day-to-day variations caused by instrument drift, electrode history, and low levels of solution impurities. In comparing various immobilization procedures, only a lateral currentdistance slice across the image maximum is presented and the images have been adjusted to have the same absolute background current (Fig. 2) . In all SECM images, the carbon electrode is at open-circuit (disconnected from the potentiostat) to preclude the possibility of electrolysis at the carbon electrode perturbing the enzymatic assay procedure.
With oxygen as the co-substrate, the enzymatic reaction produces H2O2, which is electrolyzed at 750 mV at the Pt substrate. The peak in anodic current over the carbon electrode in a 50-mM glucose and O2 (sat'd) solution is clear evidence of enzyme activity (Fig. 2A) . Sparging the solution with N2 for 5 min reduces the O2 concentration and lowers the signal, further implicating enzymatic activity as the source of the substrate signal. After resaturating the solution with pure O2, the enzyme activity is restored to the original level. Note that the some activity is still present even after N2 sparging. This is due to the short time of sparging and the use of a non-sealed SECM cell. Control experiments in which glucose or the co-substrate are not present, show no signal at the substrate electrode.
p-Benzoquinone (BQ) was also used as a co-substrate. The enzymatic product is hydroquinone (HQ), which is detected at the substrate potential of 500 mV. A comparison of the enzyme activity in a solution of O2 (sat'd), 50 mM glucose to the activity in a solution of 2 mM BQ, 40 mM glucose (Fig. 2B) , shows that the BQ mediator gives an improved response. The difference is likely due to the lower O2 concentration (about 1 mM at 1 atm 55 ). In comparing Figs. 2A and 2B , note the difference in vertical and horizontal scale. Figure 2A was acquired with the use of a 10-µm diameter Pt substrate while Figs. 2B -2D are acquired with a 2-µm diameter Pt substrate.
The vertical scale difference, about 5×, is proportional to the electrode diameter. Although the peak width appears larger in Fig. 2A than in Figs. 2B -2C, the apparent size difference is predominately due to a different scan range. The data in Fig. 2A show more clearly the extent to which the enzymatic reaction products diffuse from the 33-µm diameter carbon surface. This diffusional blurring, however, does not mitigate the usefulness of a smaller substrate in imaging enzyme activity (vide infra).
Figures 2A and 2B are data from electrodes modified using the Jeffamine process. Figure 2C illustrates data from modified electrodes using the diazonium salt process. As discussed above, reduction of the covalently bound nitrophenyl groups to aminophenyl is preferable in acetate buffer. Comparison of a modified electrode prepared by acetate reduction to the ethanol/water reduction clearly shows the poor results produced by ethanol/water reduction (Fig. 2C ) and demonstrates the ability to detect sub-monolayer enzyme surface concentration. The diazonium process with acetate reduction is also clearly superior to the Jeffamine process. Under identical conditions, the diazonium-modified electrode exhibits a greater enzyme activity than the Jeffamine modified electrode (Fig. 2D) .
Quantitative assay.
Calibrating the substrate current to the concentration of reduced co-substrate allows a quantitative assay of enzyme activity. The amount of oxidation current observed at the substrate will depend on the concentration but, critically, on the tip-substrate distance and the rate of the enzymatic reaction. The current at an embedded disk-shaped electrode can be expressed by
where n is number of electrons passed in the electrode reaction, F is the Faraday, D is the diffusion coefficient, a is the substrate radius, C is the concentration of the reduced co-substrate, and f(z) is a function of the tip-substrate distance and of the tip geometry. Although f(z) can be calculated theoretically, 56, 57 it can also be determined for a specific electrode by calibration with standards. Therefore, for a given electrode and cosubstrate, the current is only a function of the co-substrate concentration, which is a function of the enzymatic reaction.
The activity of a 33-µm diameter GOD modified CFE (Jeffamine process) as a function of glucose concentration is measured from the substrate current. Figure 3 shows an example of a current-distance curve acquired with a 10-µm tipsubstrate gap in 2 mM glucose, pH 6.1 PBS solution saturated 30 ANALYTICAL SCIENCES JANUARY 2001, VOL. 17 with oxygen. The unbiased enzyme-modified CFE in an O2 (sat'd) solution is moved horizontally over a 10-µm diameter Pt tip biased at 750 mV substrate at a constant tip-sub separation. Far from the CFE, the substrate current is nearly constant at a background current level. When the tip is moved over the substrate, the current increases to a maximum at 0 µm, that is, the maximum is located above the CFE substrate. Although the maximum current is found directly over the CFE substrate, significant amounts of current are found at distances up to 300 µm away from the electrode. This current arises from the diffusional spreading of the enzyme-produced product. The difference current (∆i) between the peak and baseline represents the quasi-steady-state oxidation current of H2O2 at the given gap separation.
A linear calibration curve for the substrate electrodes response to H2O2 concentration allows a direct comparison between the tip current and H2O2 concentration (inset Fig. 3 ). The calibration curve is constructed by measuring the current at a substrate electrode two min after a potential step from 0 to 750 mV in a pH 7 phosphate buffer solution with different H2O2 concentrations. A linear relationship between the oxidation current and concentration exists with a slope of 3.6 nA/mM. For the conditions in Fig. 3 , the H2O2 concentration is about 0.75 µM in the gap between the tip and substrate. Note that the small volume present between the electrodes amplifies the concentration of H2O2 in the gap. A smaller electrode separation or slower tip scan rate across the substrate would increase the concentration further.
From experiments similar to those illustrated in Fig. 3 , a plot of ∆i vs. glucose concentration can be obtained (Fig. 4) . A Lineweaver-Burk type plot, 6 = +
where ∆i is steady-state-current, ∆imax is maximum current, K′M is the apparent Michaelis-Menton constant, and C is the bulk substrate concentration, indicates that a plot of 1/∆i versus 1/C is linear over the range of 1 -20 mM glucose (inset Fig. 4) . A direct linear plot of this data with GOD immobilized on the carbon electrode using the Jeffamine process and with O2 (sat'd) as the co-substrate indicates a median K′M value of 34 mM. 58 This is a relatively low value of the activity compared to other reports of immobilized GOD 6,59,60 and is larger than that typical
of solution phase GOD (6.8 mM). 61 The imaging experiments described above also support the low activity of the Jeffamine process compared to the diazonium process of immobilization.
A concern with the above measurement is that a feedback process occurs during the measurement process. 34 Oxidation of the GOD produced H2O2 at the substrate produces O2, which diffuses to the tip. In effect, the mass transport rate of O2 to the enzyme is increased, which leads to a larger substrate current. Under these conditions, this is not anticipated to be a serious problem, since the rate of enzyme turnover is low 34 and will generally not be limited by mass-transport of substrate to the enzyme.
Local modification of CFEs with the SECM
In addition to its chemical imaging ability, the SECM is also a powerful tool for microscopic fabrication. In this section, the ability of the SECM to locally modify a 33-µm diameter CFE to generate a multifunction surface is presented. SECM imaging is used to subsequently verify the surface modifications.
Direct mode attachment of 4-aminophenyl.
In contrast to normal procedure in electrochemistry, which employs a large area auxiliary remotely positioned with respect to the working electrode, the direct mode of SECM employs the tip as a microscopic auxiliary electrode held at micrometer distance from the sample electrode. Thus, faradaic current that would normally be distributed across the electrode is confined to a small region near the micro-auxiliary electrode. The faradaic current at the working electrode must be supplied by the microauxiliary electrode and, in the experiments described here, is supplied by oxidation or reduction of water at the substrate electrode (Fig. 1B) . The advantage of direct mode modification is that nearly all electrochemical reactions leading to a modified working electrode can be adapted to produce a local modification. Figure 1B illustrates an SECM local modification by 4-nitrophenyl through the reduction of a diazonium salt. The CFE tip is brought to within 2 µm of the 2-µm diameter Pt substrate in a solution of 0.1 M Bu4NPF6 and 2 mM 4-nitrobenzenediazonium tetrafluoroborate in CH3CN solution. modified with 4-nitrophenyl. To determine the effectiveness of the modification, the nitrophenyl modification was used to prepare a region of immobilized GOD on the CFE. Note that, after the nitrophenyl attachment, the procedure for producing the immobilized GOD was identical to that described above.
An SECM image of a CFE electrode modified by two separate local attachments of nitrophenyl followed by GOD immobilization shows two regions of enzyme activity that correspond to the sites of the original nitrophenyl attachment on the carbon surface (Fig. 5) . In this case, the carbon electrode surface is bifunctional, with one native carbon region and a second GOD modified region. This procedure could, for example, be extended to produce a multi-function surface, where the attachment of a particular enzyme on a region of the CFE is followed by subsequent local modifications using the SECM direct mode to attach additional, different enzyme groups on the same CFE surface.
Gold-mask modification.
A second mode of local modification by SECM is by the micro-reagent mode. In the micro-reagent mode, the tip (substrate here) is used to generate chemical reagents that diffuse to the substrate (tip here) and react at the substrate surface to produce the desired reaction. Micro-reagent production of a gold mask can be used effectively to locally modify the CFE electrode. 62 As illustrated by Fig. 1C , a gold mask is produced by using a sacrificial gold micro-substrate in a 1-mM Ru(NH3)6 3+ /1 M HCl solution. A 33-µm CFE is positioned to within 5 µm of a 5-µm diameter Au microelectrode and 0.7 µA of anodic current is impressed on the Au microelectrode for 20 s. AuCl4
− is produced at the Au substrate (Eq. (4)) and is reduced to metallic gold at the CFE substrate (potentiostated at −200 mV) (Eq. (5)).
Note that Ru(NH3)6 3+ is present only as a redox mediator to adjust the tip position by use of the SECM feedback mode.
Negative gold-mask modification.
Once deposited, the gold region can be used to mask the carbon it overlies, preventing modification. This is illustrated in Fig. 6 , which shows a partially masked CFE (Fig. 6A ) that has been subsequently modified by the diazonium process to produce a region of GOD modified surface on the CFE surface. SECM imaging shows that the enzyme activity is localized to the crescent shaped region of the surface not covered by the gold mask (Fig. 6B) . The term negative mask is used since the electrode is modified in the un-masked region. The size and thickness of the deposited Au spot can be controlled by the size of Au substrate, the tip-substrate distance and the deposited current and time. Unfortunately, however, the spot size cannot be controlled as precisely as that in the direct-mode procedure. Although not shown here, the gold mask can be easily removed to expose the unmodified carbon, for example, by oxidation in HBr solution.
Positive gold-mask modification.
The CFE can also be modified by using the gold mask in combination with selfassembly [63] [64] [65] [66] [67] [68] to produce an enzyme modification located on the gold mask itself, a positive mask. After deposition of a gold mask, an aminated surface is prepared by immersing the CFE with mask in an aqueous 20 mM solution of cystamine for 2 h. The gold surface is cleaned prior to the deposition by immersing the electrode in concentrated KOH for 1 h, concentrated H2SO4 for 12 h, and then concentrated HNO3 for 15 min. After formation of the amine monolayer, immobilization of GOD follows the procedure described above.
An example of positive gold-mask modification is seen in Fig.  7 . An optical photomicrograph shows two gold spots on the carbon surface in Fig. 7A . Some debris is visible because the micrograph was acquired after several experiments. The SECM image on the modified electrode (Fig. 7B) 
SECM induced temporary local deactivation of immobilized enzymes
Enzyme activity depends on a number of physical and chemical parameters, including pH, solution composition, and temperature. For GOD, the optimum range for highest activity is about 5.4 -6.2 6, 59, 70 and at extremes of pH, the enzyme loses its activity. SECM manipulation makes it possible to change pH in a small region close to the enzyme electrode tip. 33, 71, 72 After a local pH change, the enzyme will become temporarily or permanently deactivated and the resulting change in activity can be monitored with SECM imaging. A scheme illustrating an SECM micro-reagent mode that changes local pH is illustrated in Fig. 1D . For the experiment described below, a 33-µm diameter GOD modified CFE (Jeffamine process) is positioned within 2 µm of a 2-µm diameter Pt substrate in a 0.1 M KCl solution. At a substrate potential of −1.8 V, the following reactions generate hydroxide ion.
2H2O + 2e
H2 + 2OH
After 20 min of electrolysis, the solution is replaced with a 50-mM glucose, 1 mM BQ pH 6.1 phosphate buffer solution. In comparing the SECM image immediately prior to hydroxide ion generation ( Fig. 8A ) with that acquired after (Fig. 8B) , a significant change in enzymatic activity at the region of hydroxide generation is observed. A semicircular region of the modified electrode shows essentially the same activity as the background level. Figures 8C, 8D , and 8E are images after allowing the enzyme to recover for 20, 40, and 180 min, respectively. The deactivated region slowly recovers until the response is identical to that before local deactivation. In experiments in which the initial period of hydroxide generation is increased from 20 to 60 min, the enzyme activity is completely lost on the entire electrode and SECM images show no restoration of activity with time. Thus, prolonged exposure to high pH permanently denatures the enzyme but a shorter exposure allows recovery. It is not yet clear what the mechanism for deactivation and recovery is but the prolonged recovery is not inconsistent with reports of renaturing thermally denatured immobilized enzymes 73 and long recovery times are also possible after enzyme protonation or deprotonation. 74 
Conclusions
The GC mode of the SECM can readily detect enzymatic activity at a 33-µm diameter CFE modified by a GOD monolayer. The detection of enzyme-produced HQ and H2O2 at 2-and 10-µm diameter Pt electrodes is sufficiently sensitive to distinguish between different methods of enzyme immobilization and different enzyme substrate or co-substrate concentration. The activity of sub-monolayer concentrations of enzyme can be detected. Further, quantitative assay of immobilized enzyme activity is available at regions as small as or smaller than 33 µm.
The SECM can be used to locally modify carbon surfaces at microscopic scale. Techniques demonstrated here are direct mode attachment of nitrophenyl on the CFE surface with spot sizes about 5 µm in diameter and micro-reagent deposition of gold spots. The SECM-produced modifications allowed the immobilization of GOD on specific regions of the CFE. The activity of the locally immobilized GOD was verified by SECM GC imaging.
Partial deactivation and restoration of the immobilized enzyme can be initiated and monitored with SECM. Microreagent generation of OH − causes a microscopic region of the enzyme layer to become temporarily deactivated. Subsequent GC imaging shows the deactivated region restored to activity over a period of several hours.
The SECM can be used as a tool to produce microelectrode surfaces with one or more different types of immobilized reagent. The ability to produce multifunctional surfaces is primarily limited by the size of the SECM electrode. The modification methods described here are too slow for massproduction but can be useful for production of prototype or "one-off" versions of sensors. Moreover, the demonstrated ability to image and quantitate enzyme activity at micrometer resolution with high sensitivity will be useful for examining microscopic, multifunctional sensors and other modified electrode surfaces. 
